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The charge ordering in the bilayer manganite system La2−2xSr1+2xMn2O7 with
0.30 ≤ x ≤ 0.50 has been studied by neutron diffraction. The charge order is charac-
terized by the propagation vector parallel to the [1 0 0] direction ( MnO2 direction),
but the correlation length is short-ranged and extremely anisotropic, being ∼ 0.02a∗
and ∼ 0.2a∗ parallel and perpendicular to the modulation direction, respectively.
The observed charge order can be viewed as a quasi-bi-stripe order, and accounts
well for the x dependence of the resistivity. The quasi-bistripe order is stable within
the ferromagnetic (FM) MnO2 layers in the A-type antiferromagnetic order, but is
instabilized by the 3 dimensional FM order.
It has been recently demonstrated that an A-type antiferromagnetic (AFM) state in the
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manganites near the 50% hole concentration shows the metallic conductivity [1]. The A-type
AFM spin order consists of antiferromagnetically stacked ferromagnetic (FM) layers, but the
metallic A-type AFM state should be strictly differentiated from the insulating A-type AFM
state which has been observed in the non-doped compound LaMnO3 with strong Jahn-Teller
distortion. The essence of the former metallic A-type state is the orbital ordering of the
dx2−y2 orbitals within FM MnO2 layers. A series of studies of Nd1−xSrxMnO3 [1,2,3] has
demonstrated that the anisotropy of the dx2−y2-type orbitals causes anisotropic behavior of
the resistivity as well as the exchange interactions with respect to the FM MnO2 layers.
We have recently reported that the A-type AFM phase also appears in a two-dimensional
(2D) bilayer system La2−2xSr1+2xMn2O7 for 0.40 ≤ x ≤ 0.50 [4,5,6]. For instance, the
x = 0.45 sample exhibits an A-type AFM Bragg reflection below TN ∼ 200 K as shown in
Fig. 1(a), but the ferromagnetic component appears below TC ∼ 95 K, resulting in a canted
AFM state at low temperatures. The A-type AFM phase in the x = 0.45 sample is, however,
anomalous in many respects. As seen in Fig. 1(a), the T dependence of the intensity of
(003) does not follow a conventional Brillouin function, but exhibits a logarithmic behavior
for TC ≤ T ≤ TN. This suggests strong spin fluctuations which suppress the A-type AFM
long range order.
Corresponding to the anomalous T dependence of the Bragg intensity, the slope of the
H/M exhibits a clear change around TN (Fig. 1(b)). The anomaly in the susceptibility
around ∼ 250 K was pointed out in early magnetization measurements by several works,
but its origin was not elucidated. [7,8] In our previous study, [4] it was identified as the onset
of the anomalous A-type AFM ordering. Since the structural analyses suggest that the eg
electrons on Mn sites occupy dx2−y2 orbitals [7,5], one may expect the metallic conductivity
for the A-type AFM phase in La2−2xSr1+2xMn2O7 as it was the case for the Nd1−xSrxMnO3
system. [1,2,3] In contrast, no clear cusp nor other indication is present in the T dependence
of the resistivity (Fig. 1(c)). [9]
Concerning this question, an interesting observation was made in a recent X-ray and
neutron diffraction study. Very recently, Vasiliu-Doloc et al. have observed diffuse scattering
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in the paramagnetic phase of the x = 0.40 sample which is possibly originated from a charge
ordering (CO) [10]. If there exists the CO in the A-type AFM La2−2xSr1+2xMn2O7, it can
naturally explain a lack of the metallic behavior of resistivity in the A-type AFM state.
Stimulated by this work, we have carried out systematic neutron diffraction studies on the
2D bilayer system La2−2xSr1+2xMn2O7 with 0.30 ≤ x ≤ 0.50. In the following, we shall
demonstrate that the similar diffuse scattering exists for a surprisingly wide concentration
of 0.30 ≤ x ≤ 0.50 in La2−2xSr1+2xMn2O7. We argue that it is consistent with short ranged
stripe-like order, and causes the insulating behavior of the resistivity in the paramagnetic
as well as A-type AFM state.
In the present study, the measurements were made on the same single crystal samples
used in our previous works. [4,5] Neutron diffraction measurements were carried out on
triple-axis spectrometers GPTAS, TOPAN, and KSD in the JRR-3M of JAERI, Tokai,
Japan. Several incident neutron momentums were utilized, depending on the necessity of
the intensity and the resolution, along with various combinations of collimators with PG
filters. The (h0l) and (hk0) reciprocal planes were aligned as the scattering planes, and the
samples were set in aluminum capsules filled with helium gas and were attached to the cold
head of a closed-cycle helium gas refrigerator.
In order to examine a possible charge ordering (CO) within the MnO2 planes in
La2−2xSr1+2xMn2O7, we first searched for diffuse scattering in the (h0l) zone, and observed
a clear signal in all the samples we studied whose hole concentration ranges from x = 0.30
through 0.50. Figure 2 shows typical profiles of the diffuse scattering observed in the param-
agnetic, A-type AFM, and canted AFM (FM) phase for the x = 0.40, 0.45 and 0.48 samples,
respectively. The scans were made along the [100] direction, and the diffuse scattering was
observed around Q = (2±qo, 0, 1). The peak position of the diffuse scattering is located near
qo ∼ 0.3a
∗ for given three concentrations, but qo is slightly smaller and close to ∼ 0.25a
∗ for
0.30 ≤ x < 0.40 (not shown).
The diffuse scattering is further characterized by observing the profiles in the (hk0)
scattering plane. Scans was made around the two fundamental Bragg reflections Q = (200)N
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and (020)N. One may expect four satellites around each fundamental reflections which
correspond to the modulation vector along the [100] or [010] direction. However, only two
satellites were observed along the longitudinal direction. As shown in the upper panel of
Fig. 3, the diffuse scattering was observed around Q = (2± qo, 0, 0) (longitudinal direction),
but no intensity around Q = (2,±qo, 0) with qo ∼ 0.3a
∗, respectively. There was also no
intensity at Q = (2 ± qo,±qo, 0). More importantly, the width (inverse correlation length)
of these diffuse peak is extremely anisotropic. Comparing the profiles in Fig. 3, one finds
that the inverse correlation length along the longitudinal direction κL ∼ 0.02a
∗, while κT
perpendicular to the modulation is ∼ 0.2a∗, being an order of magnitude larger than κL.
Vasiliu-Doloc et al. reported that the diffuse scattering in the x=0.40 FM sample is
of nuclear origin. [10] In a strict terminology, a nuclear-origin satellite observed by neutron
diffraction indicate the periodic lattice modulations. From the beautiful correlation between
the diffuse intensity and the resistivity observed in the present study shown in Fig. 5, it
may be reasonable to interpret that the underlying charge ordering (CO) gives rise to the
diffuse peaks. Consequently, the present results have very important implication on the
nature of the CO in the 2D bilayer manganite La2−2xSr1+2xMn2O7. The results presented in
Fig. 2 and in Fig. 3 suggest that the CO is consistent with a stripe-type charge modulation
along the [100] direction (parallel to the MnO2 bond direction), although its correlation
length perpendicular to the stripe modulation is very short as is evident from the strong
anisotropy between κL and κT. Let us compare the present quasi-stripe CO with the stripe
order observed in the 2D Ni and Cu oxides. [11,12] The most noticeable difference is that the
present quasi-stripe CO in the 2D bilayer manganite is formed within the FM MnO2 planes.
On the other hand, the stripes in the Ni and Cu compounds are formed in the matrices of
the AFM spin order, and they act as the antiphase domain boundaries for the spin order. It
should be also pointed out that the incommensurability qo ∼ 0.3a
∗ of La2−2xSr1+2xMn2O7 is
almost independent of x for 0.40 ≤ x ≤ 0.50, but approaches ∼ 0.25a∗ for 0.30 ≤ x < 0.40.
This is remarkable contrast with the linearity between the incommensurability and the
hole concentration observed in the underdoped cuprate [12] and the nickelate system, but
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resembles the overdoped cuprate superconductor. [11,12,13]
Now that the feature of the diffuse scattering within the MnO2 layers has been well
characterized, their stacking along the c direction was examined by studying the profiles of
the diffuse scattering along the l direction on the (h0l) scattering plane. Reflecting the 2D
character of the La2−2xSr1+2xMn2O7 system, very unusual profiles of the diffuse intensity
were observed along the l direction as depicted in Fig. 4. The double-peaked local maxima
were observed near l ∼ 0 and ∼ 10 associated with the (h = 2n±0.3, 0, l) lines. In the inset,
shaded area indicate the positions of the diffuse scattering, and filled circles highlight their
peak positions.
We found that the observed characteristic profile along the l direction was well described
by the stacking of a stripe-like charge order. Although the details of our analysis will be
published elsewhere, we describe the outline and principal results of the analysis below. We
denote the structure factor of the quasi-stripe CO for the i-th MnO2 bilayer and associated
(La1−xSrx)2O2 layers as Fi. The (i + 1)-th block is separated from the i-th block by 1/2c
along the c axis. We define the strength of the correlation between adjacent layers as r.
Then, the correlation function Jm of two blocks which are m-blocks apart may be expressed
by
Jm = 〈FiFi+m〉 = (−r)
m〈FF 〉, (1)
where 〈· · ·〉 means a thermal average of the correlation function and 〈FF 〉 indicates an
auto-correlation function. Summing up correlation functions over all m, the intensity of the
diffuse scattering due to the quasi-stripe order along the l direction is given as follows:
I(l) ∝
∞∑
m=−∞
Jme
−ipilm =
1− r2
1 + r2 + 2r cos(pil)
〈FF 〉. (2)
In addition, by taking into account the distribution of the z coordinates from the averaged
coordinate zo for each atoms, we extended the i-th block structure factor Fi . In fact, the
short-ranged quasi-stripe order causes the random deviation of individual z coordinates from
zo. The fit to eq. 2 with the extended structure factor accounts well for the observed data as
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shown by a curve in Fig.4. The analysis also indicated that the stripes are paired within each
bilayer, in other words, they are stacked in phase despite the repulsive Coulomb interaction.
Consequently, the CO in the bilayer La2−2xSr1+2xMn2O7 is characterized by a short ranged
bi-stripe order.
Next, we argue the influence of the quasi-bistripe order to the resistivity. A beautiful
correspondence was observed between the T dependence of the CO and that of the resistivity
as shown in Fig. 5. The x = 0.40 sample shows the A-type AFM phase below TN ∼ 150 K,
and the FM phase below TC(∼ 120 K). The diffuse intensity of the x = 0.40 sample grows as
T is lowered, but quickly disappears below TC, being consistent with the metallic behavior
of the resistivity.
For the x = 0.45 sample, the diffuse intensity shows a maximum near TC, and decreases
in the canted AFM phase, but finite intensity remains at low temperatures. The resistivity
is insulating below 300 K, and monotonically increases down to ∼ TC, then shows a slight
decrease in the canted AFM phase. Note that the resistivity of the x = 0.45 sample at
low temperatures is two orders of magnitude larger than that of the metallic phase of the
x = 0.40 sample due to the remnant charge ordering within the FM MnO2 layers.
The x = 0.48 sample shows only the A-type AFM phase below TN ∼ 200 K [4,5]. The
strong diffuse intensity grows as T is lowered from 300 K, but levels off in the A-type
AFM phase. The resistivity of the x = 0.48 sample shows the insulating behavior at all
temperature, although an increasing rate of the resistivity with decreasing T is slightly
suppressed near TN due to the development of the A-type AFM long range order.
Figure 5 suggests that the quasi-bistripe order controls the transport property
in La2−2xSr1+2xMn2O7. The paramagnetic and even FM MnO2 layers in the 2D
La2−2xSr1+2xMn2O7 are insulating due to the existence of the quasi-bistripe order. In other
words, the quasi-bistripe order is stable against the 2D short and long range FM spin corre-
lations within the MnO2 bilayers, but is instabilized by the formation of 3D FM long range
order, indicating the importance of bulk ferromagnetism and/or dimensionality of the FM
order for the stability of the quasi-bistripe order and metallic conductivity. In this context,
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it should be noted that the correlation length of the quasi-bistripe order is very anisotropic
within the MnO2 layers, being an order of magnitude longer along the stripe direction as
shown in Fig. 3, but its implication remains an open question.
In a recent Raman study for La1.2Sr1.8Mn2O7, the tetragonal-symmetry-forbidden
phonon modes are observed, and it was suggested that the dynamic CE-type charge/orbital
order could be the origin of such phonon modes. [14] From the present study, we suggest
that it can be originated from the quasi-bistripe order within the MnO2 layers.
This work was supported by a Grant-In-Aid for Scientific Research from the Ministry of
Education, Science and Culture, Japan.
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FIGURES
FIG. 1. Temperature dependence of (a) A-type antiferromagnetic Bragg reflection (0 0 3), (b)
inverse magnetization H/M along the ab-plane and c direction measured at 0.1 T, and (c) resistivity
in the x = 0.45 sample. Lines are guides to the eye.
FIG. 2. Profiles of the diffuse scattering from charge ordering in three A-type AFM samples
with x = 0.40, 0.45 and 0.48. Horizontal bars indicate the instrumental resolution. For the x = 0.48
sample, there is a small temperature-independent background near h ≤ 2.3.
FIG. 3. Profiles of the diffuse scattering from charge ordering observed on the (h, k, 0) plane
in the x = 0.45 sample. Thick bars labeled ‘Res’ indicate the instrumental resolution. Lines are
guides to the eye.
FIG. 4. Profiles of the diffuse scattering from the charge ordering observed along the (00l)
direction along the (2.3, 0, l) line in the A-type AFM phase at 120 K. Inset: (h, 0, l) reciprocal
plane of the La2−2xSr1+2xMn2O7 system. The shaded regions indicate the region where the diffuse
scattering from the charge ordering was observed, and filled circles indicate the local maxima of
the diffuse scattering.
FIG. 5. Temperature dependence of the diffuse intensity observed at the peak position of the
profiles shown in Fig. 2 (Left) and that of the resistivity (Right) for the x = 0.40, 0.45 and 0.48
samples.
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